All relevant data are within the manuscript and its Supporting Information files.

Introduction {#sec001}
============

The increment of global energy demand is due to the continuous population growth, and the economy steeping up, which affected the socio-economic landscape and human welfare in the future \[[@pone.0211713.ref001]\]. The renewable energy and fossil fuel are incorporated as future energy systems that control and conserve the fossil fuel used which had been discovered for future continuity demands. Hence, the sources of alternative renewable energy from the biomass resources had found as relevant continuous energy supplies based on the constant based load, control of resources and production of resources.

Biogas is formed from a gas mixture through degradation of organic matter that caused by several microorganisms under anaerobic condition. [Table 1](#pone.0211713.t001){ref-type="table"} shows the gas composition of biogas from various biogas resources \[[@pone.0211713.ref002]--[@pone.0211713.ref006]\]. Biogas has the most rigorous quality specification when intended to be used as a natural gas substitute. For instance, the draft of the European regulation on biomethane is targeting a composition of CH~4~ \> 95%, CO~2~ \< 2.5--4%, O~2~ \< 0.001--1%, H~2~S + COS \< 5 mg Nm^−3^, NH~3~ \< 10 mg Nm^−3^, BTX \< 500 mg Nm^−3^, and siloxanes \< 10 mg Nm^−3^ \[[@pone.0211713.ref007]\]. However, the concentration of H~2~S gas which is found to range between as low as about 50--10,000 ppm depending on the feed material composition to the digester \[[@pone.0211713.ref008]\].

10.1371/journal.pone.0211713.t001

###### The composition of several components in biogas production \[[@pone.0211713.ref002]\].

![](pone.0211713.t001){#pone.0211713.t001g}

  Components   Composition, %
  ------------ ----------------
  CO~2~        30--40
  CH~4~        60--70
  H~2~S        0.15--3.0
  NH~3~        \< 1
  N~2~         0--2
  CO           \< 0.6
  O~2~         0--1
  H~2~O        5--10

As in the application for fuel cell technology development, such as Polymer Electrolyte Membrane Fuel Cell (PEMFC), and Solid Oxide Fuel Cell (SOFC), the devices commonly use methane and hydrogen as energy supplies. As the biogas might contain unwanted gases such as H~2~S and carbon monoxide (CO), hence, some studied recommended the tolerable concentration range should be \<1 ppm and \<10 ppm \[[@pone.0211713.ref009]--[@pone.0211713.ref015]\]. The tolerable concentration of H~2~S gas for fuel cell devices are important to follow as H~2~S gas are known as a toxic gas. Besides, other researchers recommended to remove at the early stage of purification due to the several possibilities that may be affected to the quality of biomethane production, causes corrosion on mechanical wear, and emits harmful substances to the fuel cell catalyst.

Thus, the elimination of H~2~S and CO~2~ gas undergoes by several technologies, such as biological \[[@pone.0211713.ref016]\], chemical absorption (scrubbing with active liquids) \[[@pone.0211713.ref017]\], adsorption by using mesoporous material \[[@pone.0211713.ref009]\], and membrane-based gas permeation technologies \[[@pone.0211713.ref018]\]. The biological oxidation method, absorption, and membrane-based gas permeation are less efficient due to having a higher cost, and limited desulphurization efficiency \[[@pone.0211713.ref018]\]. By contrast, the adsorption technologies are efficient and preferable for the low concentration of H~2~S removal in biogas system \[[@pone.0211713.ref019]--[@pone.0211713.ref022]\].

Activated carbon is commonly used in adsorption due to its high surface area, microporosity, thermal stability, high removal capacity, and low cost per unit volume of adsorber compared with the other mesoporous material, such as zeolite, metal-organic, porous silica, and clay incandescent. In addition, its surface property, i.e., pore volume, surface area, and chemistry, determines the overall adsorption performance, and its capability in pollutant treatment was proven by the previous study on Nitrogen Oxide (NO), H~2~S, and volatile organic compounds \[[@pone.0211713.ref020]--[@pone.0211713.ref023]\].

Researchers discovered that impregnated activated carbon modifies and enhances adsorption performance by increase the number of active sites on the adsorbents surface \[[@pone.0211713.ref024]\]; however, results differ for different gases \[[@pone.0211713.ref025]\]. Hence, the materials used for H~2~S adsorption had appropriate physico-chemical properties; the superficial properties in terms of specific surface, size, and distribution of pores. The H~2~S gas compounds are very small; thus, adsorbents with well-developed microporosity were used \[[@pone.0211713.ref026]\]. Selection of appropriate material for adsorption is important to prevent secondary waste stream problems since activated carbon is non-regenerable product \[[@pone.0211713.ref027]\].

Impregnated activated carbon for H~2~S adsorbents, which used alkaline compounds, such as sodium hydroxide (NaOH), potassium hydroxide (KOH), and Potassium Carbonate (K~2~CO~3~), for adsorbent modification was studied by Choo et al. \[[@pone.0211713.ref028]\]. Furthermore, a study by Sitthikhankaew et al. \[[@pone.0211713.ref029]\] also used alkaline compounds, such as potassium iodide (KI), Sodium Carbonate (Na~2~CO~3~), KOH, and NaOH. An investigation by Phooratsamee et al. \[[@pone.0211713.ref030]\] used zinc chloride, K~2~CO~3~, NaOH, and KI as the impregnated compound.

As in this study to use the commercial mixed gas of H~2~S/N~2~/CO~2~, the chosen adsorbents should be capable of capturing both gases (H~2~S and CO~2~). Previously, we studied on the CO~2~ removal from biohydrogen production using this technique of impregnated activated carbon through ionic liquid \[[@pone.0211713.ref031]\], Na~2~CO~3~, ZnAc~2~ and copper sulfate (CuSO~4~) \[[@pone.0211713.ref032]\]. Based on these studies, it was confirmed that the impregnation of carboneous material, i.e., activated carbon, could enhance the adsorbent capacity in capturing or removing the unwanted gases such as CO~2~. For instance, the ionic liquid at 1 wt.% \[[@pone.0211713.ref033]\] and AC-ZnAc~2~ at 7 wt.% \[[@pone.0211713.ref032]\] show the best adsorbents for CO~2~ adsorption capacity with 84.89 mg/g \[[@pone.0211713.ref031]\] and 63.61 mg/g compared to that activated carbon without impregnation at 30.44 mg/g \[[@pone.0211713.ref032]\]. Moreover, in the industrial practice, the ionic liquid could be considered for replacements of conventional organic solvents due to their negligible vapour pressures, high thermal stability and virtually limitless chemical tunability \[[@pone.0211713.ref033]\]. The activated carbon normally had undergone frequent changes which led to secondary waste. Then, the idea of regeneration, disposed or reused in industries had been reviewed \[[@pone.0211713.ref034]\].

The regeneration method is likely used as more economic compared to adsorbents replacement, reduced the secondary waste and environmentally friendly \[[@pone.0211713.ref035]\]. Basically, the carbon regeneration can be divided into four major mechanisms groups which are thermal regeneration, chemical regeneration, microbiological regeneration, and vacuum regeneration \[[@pone.0211713.ref036]\]. However, the thermal regeneration practically used in the industries \[[@pone.0211713.ref037]\].

In this study, 7 wt.% of the impregnated chemical over activated carbon had known as adsorbent were synthesized for removal of unwanted H~2~S gas using adsorption technique. The characterization of these adsorbents such as surface morphology, porosity, and structures, were determined using the SEM-EDX, FTIR, XRD, TGA, and BET analysis. For real adsorption approach, different types of commercial mixed gas (H~2~S/N~2~ and H~2~S/N~2~/CO~2~) were used to investigate the performance and efficiency of H~2~S adsorption by manipulating the operating parameters such as gas flow rate, adsorbents types, and L/D (Length per diameter) ratio. The selection of H~2~S concentration range used in this study was higher compared to the actual concentration found in biomethane production because the focus of this study literally not only on H~2~S production from biomethane but also could be used in others H~2~S production from difference feed composition. In fact, the difference feed composition resulted for difference range of H~2~S concentration.

Based on the results, the ZnAc~2~-CAC shows a higher capability in capturing the H~2~S gas had led the study of adsorption-desorption cycle by using a higher concentration of commercial mixed gas H~2~S/N~2~ for economical purposed. Whereas, the operating parameter used are different with other researchers which normally operated at a minimal value of operating parameters such as flow rate and amount of adsorbent used. Hence, the H~2~S adsorption-desorption performance was discussed based on operation parameters and adsorbent characterization.

Materials and methods {#sec002}
=====================

Adsorbent materials {#sec003}
-------------------

The granular CAC (2--36 mm) was supplied by Effigen Carbon Sdn. Bhd, Malaysia. The compounds for impregnation, such as potassium hydroxide (KOH), potassium Iodide (KI), sodium carbonate (Na~2~CO~3~), zinc acetate (ZnAC~2~) and Copper Sulfate (CuSO~4~) were purchased from Friendemann Schmidt Chemicals (Malaysia).

Preparation of impregnated CAC {#sec004}
------------------------------

Sitthikhankaew et al. proposed that the best adsorbent performance was at 7 weight percentage (wt.%) of the impregnated chemicals per 0.35 kg of activated carbon \[[@pone.0211713.ref029],[@pone.0211713.ref030]\], which was valid for certain impregnation materials only \[[@pone.0211713.ref029]\]. In this study, other materials, referred with constant impregnation ratio, were used to determine the best adsorbents. CAC was soaked for 30 min in 40.8 g/L of impregnated solution, and then dried overnight at 120°C. Activated carbon impregnated by KOH, KI, Na~2~CO~3~, ZnAC~2~, and CuSO~4~ is referred to as KOH--CAC, KI--CAC, Na~2~CO~3~--CAC, ZnAC~2~--CAC, and CuSO~4~--CAC, respectively. Non-impregnated CAC is known as raw CAC.

Characterization of adsorbents {#sec005}
------------------------------

N~2~ adsorption-desorption measurement at 22°C has carried out with micrometrics ASAP 2020 version 4.02. Before the analysis, the adsorbents sample automatic degasses and evacuate at 5.0 mmHg/s to 300 μmHg and hold for 0 minutes. Then, the specific surface area of the adsorbents sample was determined by application of Brunauer--Emmett--Teller (BET) method, while, the micropore volume was calculated using the t-plot method. Next, the crystallographic structure, chemical composition, and physical properties of the materials were determined using X-ray diffraction (XRD) through the Bruker AXS D8 Advance using Cu Kα (λ = 0.154 nm) radiation.

All the adsorbents sample then undergo the analysis for functional group properties through Fourier Transform Infrared (FTIR) spectrum from Perkin Elmer. The adsorbents sample scanned in the range of 600--4000 cm^-1^. The stability and degradation of samples as a function of temperature were observed using thermal gravimetric analyser (TGA-50) of Shimadzu at 20 ml/min, temperature range: 25--600°C, sample mass: 1 g. The physical and chemical properties of all the adsorbents sample were characterized and investigated to analyse the surface morphology, and elements present by scanning electron microscope (SEM-EDX). The analysis was conducted using FESEM (Merlin Compact) to visualize the crystal shape, structure of adsorbent's particles, porosity, and elements of samples. The characterization morphology of adsorbents used the accelerating voltage at 3 kV; where the adsorbents dried up for 24 hours at 110°C under the vacuum before undergoes the SEM analysis.

H~2~S adsorber operation {#sec006}
------------------------

The H~2~S adsorption performances of six adsorbents were examined in a laboratory-scale single adsorber column unit had designed at 0.3 m length. The height of each adsorbent referred to the different adsorbent loads with 0.032 kg, 0.105 kg and 0.155 kg. The adsorption performance was observed by single feeding the commercial mixed gases which provided by Linde Malaysia either for H~2~S/N~2~ (1000 ppm H~2~S balance N~2~) or H~2~S/N~2~/CO~2~ (1000 ppm H~2~S with 49.5 vol.% N~2~ and balanced CO~2~) at ambient temperature. The pressure at the inlet stream was fitted at 1 bar (gauge) for each adsorbent type used. However, the flow rate varied from 1.5--5.5 L/min (GHSV are equivalent to 212.4 hour^-1^ to 780 hour^-1^) and L/D ratio started from 0.5 to 2.5, respectively. Portable H~2~S analyser model GC310 (China) was used to measure H~2~S gas concentration change during the adsorption process. [Fig 1(A) and Fig 1(B)](#pone.0211713.g001){ref-type="fig"} shows the schematic diagram and real photo, respectively, for the H~2~S adsorption system.

![H~2~S adsorption system used in this study.\
(a) Schematic diagram. (b) Actual photo.](pone.0211713.g001){#pone.0211713.g001}

Adsorption-desorption cycle {#sec007}
---------------------------

The adsorbent used was ZnAc~2~-CAC, whereas feeding the commercial mixed gases of H~2~S/N~2~ (5000 ppm H~2~S balance N~2~). In purging, three main processes were involved for removal of the excess H~2~S element on the surface adsorbents. During the first 30 min, 100 L/min (14150.9 hour^-1^) of air from the blower entered the column at 150°C. In the next 30 min, another 100 L/min of air fed into the column, without applying any heating process. Finally, for another 30 minutes, the 5.5 L/min of N~2~ gas fed into the column in order to purged out and stabilized the surface adsorbents before ready to use for the next adsorption operation.

Calculations {#sec008}
------------

### Adsorption capacity {#sec009}

The adsorption capacity of activated carbon was measured using the breakthrough time, flow rate, and length of bed used, as shown in the following Eq ([1](#pone.0211713.e001){ref-type="disp-formula"}) \[[@pone.0211713.ref025]\]: $$Q = \frac{q \times T_{B} \times C \times {MW}_{H2S}}{V_{M} \times m_{ads}}$$ where *Q* (mg H~2~S/g) refers to adsorption capacity, *q* (L/min) is feed flow rate, *T*~*B*~ (min) is breakthrough time, *C* (kg/L) is breakthrough concentration, *MW*~*H2S*~ (kg/kmol) is the molecular weight of H~2~S, *V*~*M*~ (L) is molar volume at S.T.P., and *m*~*ads*~ (kg) is mass adsorbent used.

### Deficiency {#sec010}

The deficiency (%) of different gas compositions was calculated based on Eq ([2](#pone.0211713.e002){ref-type="disp-formula"}). In this equation, Q~H2S/N2~ (mg H~2~S/g) refers to the adsorption capacity from gas H~2~S/N~2~ and Q~H2S/N2/CO2~ (mg H~2~S/g) refers to the adsorption capacity from gas H~2~S/N~2~/CO~2~.

![](pone.0211713.e002.jpg){#pone.0211713.e002g}
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### Degradation {#sec011}

The degradation in the adsorption-desorption cycle was calculated as percentage difference using Eq ([3](#pone.0211713.e003){ref-type="disp-formula"}) which was based on the previous, and current cycle of the adsorption capacity; where Q~n\ cycle~ (mg H~2~S/g) refers to the adsorption capacity for the current cycle, whereas Q~n-1\ cycle~ (mg H~2~S/g) as the adsorption capacity for the previous cycle.

![](pone.0211713.e003.jpg){#pone.0211713.e003g}

D

e

g

r

a

d

a

t

i

o

n

=

Q

n

c

y

c

l

e

−

Q

n

−

1

c

y

c

l

e

Q

n

x

100

Result and discussion {#sec012}
=====================

Characterization analysis for fresh adsorbents {#sec013}
----------------------------------------------

SEM analysis was performed to observe the morphology and surface structures of synthesized adsorbents. [Fig 2](#pone.0211713.g002){ref-type="fig"} shows the SEM images for fresh, i.e., before the adsorption-desorption process, adsorbent samples. Based on [Fig 2](#pone.0211713.g002){ref-type="fig"}, it shows that the external surfaces of the impregnated CACs have cracks, crevices, and some grains in various sizes in a large hole. Then, the EDX detector, attached to the SEM instrument, was employed to estimate the amounts of specific elements on the surface of the adsorbent samples.

![SEM micrograph images of the adsorbent samples at 2.5 k X (10 μm).\
(a) Raw CAC. (b) KOH--CAC. (c) KI--CAC. (d) CuSO~4~--CAC. (e) Na~2~CO~3~--CAC. (f) ZnAc~2~--CAC.](pone.0211713.g002){#pone.0211713.g002}

SEM images of Na~2~CO~3~--CAC ([Fig 2(E)](#pone.0211713.g002){ref-type="fig"}) shows more sponge-like structures, with several small and large holes, than KI--CAC ([Fig 2(C)](#pone.0211713.g002){ref-type="fig"}), KOH--CAC ([Fig 2(B)](#pone.0211713.g002){ref-type="fig"}), CuSO~4~--CAC ([Fig 2(D)](#pone.0211713.g002){ref-type="fig"}), and ZnAC~2~--CAC ([Fig 2(F)](#pone.0211713.g002){ref-type="fig"}). The KOH--CAC had a thin film of KOH, which was coated on the CAC surface, where it partially developed as honeycomb-like which highly defined pores and cavities on the surface are. However, the KOH impregnated CACs promoted etching during the activation process that led to the creation of micropores; hence, enhanced the surface area and pore volume of activated carbon.

The ZnAc~2~--CAC sample shows a single fiber, in which each fiber was composed of microfibers. Along with porosity, microfibers make carbon fibers a good material for adsorption and facilitating adsorbents for adsorbate spread. The micrographs also revealed that ZnAc~2~--CAC had a high surface area, and shorter diffusion path, thereby providing a structural foundation for a high specific capacitance \[[@pone.0211713.ref038]\].

[Table 2](#pone.0211713.t002){ref-type="table"} shows the EDX elemental analysis for different adsorbents sample. The EDX data shows the elemental analysis of the residue found were C, O, K, I, Na, S, Ca, and Zn in the adsorbents sample. The carbon content of adsorbent decreased after the impregnation with KOH, KI, ZnAc~2~, CuSO~4~, and Na~2~CO~3~, because of the thermal degradation and oxidation of the carbon content. The elements K, I, Zn, S, and Na accumulated on carbon after the impregnation process was found on the surface of CAC.

10.1371/journal.pone.0211713.t002

###### Contents of elements (C, O, S, Zn, I, Ca, Na and K) in the fresh adsorbent.

![](pone.0211713.t002){#pone.0211713.t002g}

  Elements   Raw CAC (wt.%)   ZnAc~2~--CAC (wt.%)   KOH--CAC (wt.%)   KI--CAC (wt.%)   CuSO~4~--CAC (wt.%)   Na~2~CO~3~--CAC (wt.%)
  ---------- ---------------- --------------------- ----------------- ---------------- --------------------- ------------------------
  C          80.56            90.18                 90.69             84.72            81.34                 88.27
  O          5.21             3.62                  5.52              0.43             7.93                  6.95
  Cu         0.22             0.08                  0                 0.52             0.28                  0.04
  Zn         0.29             4.37                  0.39              0.76             0.42                  0.02
  Na         0.04             0                     1.78              0                0                     2.91
  S          1.13             0.21                  0.31              1.02             0.71                  0.42
  K          6.24             0.47                  0.69              3.41             6.81                  0.71
  Ca         3.19             0.25                  0.16              0.44             0.58                  0.17

Then, the presence of O elements confirmed that CAC contained functional surface groups, such as carboxyl, carbonyl, and ether groups. In addition, S elements also formed chemicals bonds by the presence of the functional group, such as sulfonate groups in FTIR analysis. Besides, the elements Ca represents in all adsorbents proved the mesoporous materials used are from activated carbon family \[[@pone.0211713.ref039]\]. However, the contents of impregnated compounds in each of adsorbents was found a small number of elements in terms of wt.%, where, referred to impregnation compounds.

[Table 3](#pone.0211713.t003){ref-type="table"} indicates the BET surface area (S~BET~) in m^2^/g of the adsorbents sample decreased compared with raw CAC, with the exception of Na~2~CO~3~--CAC. The S~BET~ of the adsorbent increased in the following order: CuSO~4~--CAC \< ZnAc~2~--CAC \< KI--CAC \< KOH--CAC \< Raw CAC \< Na~2~CO~3~--CAC. The decrease in S~BET~ in the impregnation activated carbon was caused by the blocking of some micropores of the impregnated compound. However, the S~BET~ of Na~2~CO~3~--CAC (901.58 m^2^/g) was slightly higher than raw CAC (901.04 m^2^/g), which was caused by the increase in adsorbents sample porosity during the impregnation of the chemical agent-type alkali carbonate (K~2~CO~3~) \[[@pone.0211713.ref031]\].

10.1371/journal.pone.0211713.t003

###### Porous properties for fresh adsorbents sample from BET analysis.

![](pone.0211713.t003){#pone.0211713.t003g}

  Adsorbent types                        BET surface area, m^2^/g   Total pore volume, m^3^/g (x10^-7^)   V~micro~/V~total~ (%)   Pore size, Ǻ
  -------------------------------------- -------------------------- ------------------------------------- ----------------------- --------------
  **Raw CAC**                            901.04                     4.31                                  0.74                    19.11
  **KOH---CAC**                          805.45                     3.67                                  0.77                    18.23
  **KI--CAC**                            726.69                     3.49                                  0.76                    19.23
  **ZnAc**~**2**~**---CAC**              656.75                     2.94                                  0.78                    17.93
  **Na**~**2**~**CO**~**3**~**---CAC**   901.58                     4.28                                  0.71                    18.99
  **CuSO**~**4**~**---CAC**              39.76                      4.34                                  0.76                    436.14

According to the IUPAC classification of pore dimensions, the pores of adsorbents are divided into three types: micropores (d\<2 nm), mesopores (d = 2 nm to 50 nm), and macropores (d\>50 nm). Hence, all adsorbents were categorized as micropores, because the pore sizes were below 2 nm, with the exception of CuSO~4~-CAC that was categorized as mesopores. The micropore adsorbents were suitable for gas adsorption \[[@pone.0211713.ref031]\], whereas larger pore sizes (macro and meso) contribute to molecule capture \[[@pone.0211713.ref040]\].

Our study obtained a similar trend with those of Sitthikhankaew et al. \[[@pone.0211713.ref029]\] and Okman et al. \[[@pone.0211713.ref041]\], where the S~BET~ of the non-impregnated CACs (1343 m^2^/g) was greater than that of impregnated CACs with KOH (1037 m^2^/g). Mt Yusuf et al. \[[@pone.0211713.ref031]\] also reported the similar pattern as reducing the number of BET surface area of ionic liquid AC (697 m^2^/g-- 840 m^2^/g) from raw AC (863 m^2^/g). Moreover, a study on K~2~CO~3~ also reported that the surface area was improved due to the enlargement of the activated carbon porosity \[[@pone.0211713.ref030],[@pone.0211713.ref042]\].

Similar to our study, Yusri et al. \[[@pone.0211713.ref043]\] obtained a low value of BET surface area for Cu materials with S~BET~ around 3--20 m^2^/g, based on wt.% used on mesoporous silicon materials, which was due to mesopore development that occurred with increased metal load; where metal elements (Cu) dispersed, which blocked the interior of pores \[[@pone.0211713.ref044]\]. Hence, the Cu components have the lowest BET surface area among the impregnated materials.

Meanwhile, [Fig 3](#pone.0211713.g003){ref-type="fig"} and [Table 4](#pone.0211713.t004){ref-type="table"} shows the crystallinity and amorphousness (%) of adsorbent types. Adsorbents were more amorphous than crystalline, which was due to the existence of probable surface functions of activated carbons obtained from agricultural wastes, causing difficulty in crystallization.

![X-ray diffraction (XRD) patterns.](pone.0211713.g003){#pone.0211713.g003}

10.1371/journal.pone.0211713.t004

###### Percentage crystallinity and amorphousness of adsorbents.

![](pone.0211713.t004){#pone.0211713.t004g}

  Adsorbent types                       Crystallinity (%)   Amorphous (%)
  ------------------------------------- ------------------- ---------------
  **Raw--CAC**                          37.8                62.2
  **KOH--CAC**                          31.3                68.7
  **KI--CAC**                           26.4                73.6
  **ZnAC**~**2**~ **--CAC**             31.7                68.3
  **Na**~**2**~**CO**~**3**~**- CAC**   37.0                63.0
  **CuSO**~**4**~ **--CAC**             31.6                68.4

The amorphous nature of the activated carbon was determined using the intensity of the observed rays, with respect to the scattering angle (2θ). [Fig 3](#pone.0211713.g003){ref-type="fig"} shows all adsorbent samples as XRD pattern of typical amorphous carbon with broad asymmetric peaks. From this figure, the 2θ positions of the broad peaks, belonging to the composites, have significantly shifted to the left, which indicates the textural, and conformational change associated with the rearrangement of impregnated component chains \[[@pone.0211713.ref045]\]. The sample of raw CAC shows 2θ = 24.29°, with the intensity of 1151 a.u. of the component carbon at major peaks. Meanwhile, the minor peaks show the component carbon of diamond at 2θ = 44.09°.

The samples of KOH--CAC, KI--CAC, ZnAc~2~--CAC, Na~2~CO~3~--CAC, and Cu~2~SO~4~--CAC, which shifted to left, shows 2θ at 23.86° (potassium hydroxide hydrate), 23.78^o^ (iodine), 24.00° (zinc acetate), 22.84° (sodium carbon oxide), and 24.07° (Djurleite). The peak at 2θ = 23.50° corresponded to the micrographitic structure characteristic of activated carbon. In cases of CAC--KI, the second peaks resulted on potassium iodine at 2θ = 44.09°; similar to the result of Sitthikhankaew et al. \[[@pone.0211713.ref040]\], which found similar trends for KI at 2θ = 44.50°. Thus, the presence of these minerals explained the adsorbent properties of the adsorbent samples.

High intensity indicated the impregnated component content on activated carbon. The CuSO~4~--CAC shows higher intensity (1422 a.u.) than the raw CAC (1151 a.u.), Na~2~CO~3~--CAC (1252 a.u.), and ZnAc~2~--CAC (1168 a.u.). Hence, the high intensity of CuSO~4~--CAC proved that the CuSO~4~ covered the activated carbon surface the most among another adsorbents sample. The intensity of KOH--CAC (814 a.u.) and KI--CAC (680 a.u.) was lower than that of CAC by about 29.3%.

Similar patterns were observed in the amorphous characteristics of activated carbon at 2θ = 15.00° to 34.00° for raw carbon from raw activated carbon \[[@pone.0211713.ref046]\] of *Caesalpinia pulcherrima* pods \[[@pone.0211713.ref045]\], and *Albizia Lebbeck*, *Ziziphus Spina-Christi* seeds \[[@pone.0211713.ref047]\]. Tangjuank et al. reported that identical XRD spectra with activated carbon were obtained from the cashew nut shells by physicochemical activation (KOH/CO~2~) \[[@pone.0211713.ref047]\], which proved that activated carbon from agricultural waste is amorphous types because of the existence of probable surface function from the crystallization \[[@pone.0211713.ref048]\].

[Fig 4](#pone.0211713.g004){ref-type="fig"} and [Table 5](#pone.0211713.t005){ref-type="table"} indicate that the FTIR spectra for different adsorbent types. The spectra at ≈900 cm^-1^ and ≈1231 cm^-1^ indicated the existence of alkene (C-H bonds) and carbonyl group (C = O) were for all the adsorbents \[[@pone.0211713.ref048]\]. Different adsorbents had different functional groups depending on the impregnated material on the activated carbon. KI-CAC obtained the alkyne group (C≡C) at peak ≈2180 cm^-1^ \[[@pone.0211713.ref048]\].

![FTIR spectra of adsorbents.\
(a) Raw CAC (b) ZnAc~2~--CAC (c) Na~2~CO~3~--CAC (d) CuSO~4~--CAC (e) KOH--CAC (f) KI-CAC.](pone.0211713.g004){#pone.0211713.g004}

10.1371/journal.pone.0211713.t005

###### Surface functional groups.

![](pone.0211713.t005){#pone.0211713.t005g}

  -------------------------------------------------------------------------------------------------------------------------------
  Adsorbents                            Spectrum wave number (cm^-1^)      Functional group         Reference
  ------------------------------------- ---------------------------------- ------------------------ -----------------------------
  **Raw CAC**                           ≈1230                              Carbonyl group (C = O)   \
                                                                                                    \[[@pone.0211713.ref048]\]

  ≈900                                  Alkene group (C-H bonds)                                    

  **ZnAc**~**2**~**- CAC**              1271--1224                         Ether group (R-O-R)      \[[@pone.0211713.ref047]\]

  3800--3200                            Hydroxyl group (O--H)                                       

  **KI-CAC**                            ≈2180                              alkyne group (C≡C)       \
                                                                                                    \[[@pone.0211713.ref048]\]

  ≈1230                                 Carbonyl Group (C = O)                                      

  **KOH-CAC**                           3800--3200                         Hydroxyl group (O--H)    \[[@pone.0211713.ref049]\]

  1550--1200                            the carboxylic acid (O--H bonds)                            

  **CuSO**~**4**~**-CAC**               3800--3200                         Hydroxyl group (O--H)    \[[@pone.0211713.ref049]\]

  ≈2633                                 Sulfonate group (S-H)                                       

  **Na**~**2**~**CO**~**3**~**- CAC**   1271--1224                         Ether group (R-O-R)      \[[@pone.0211713.ref053]\]\

  650--600                              acetyleric group (C--H bond)                                
  -------------------------------------------------------------------------------------------------------------------------------

The presence of oxygen in the impregnated materials, such as KOH, CuSO~4~, Na~2~CO~3~ and ZnAc~2~ obtains difference peaks that indicated carboxylic acid (O--H bonds), ether (stretching C-O-C), hydroxyl (O--H), acid anhydride (RC (= O)OC (= O)R), and aromatic (formation C = C ring) groups at peaks of 1550 cm^-1^ to 1200 cm^-1^, 1271 cm^-1^ to 1224 cm^-1^, 3800 cm^-1^ to 3200 cm^-1^, 1931 cm^-1^ to 1618 cm^-1^ and 1550 cm^-1^ to 1200 cm^-1^ \[[@pone.0211713.ref048]\]. Besides, the sulfonate (S--O stretch) and acetyleric (C--H bond) group were determined through CuSO~4~, and Na~2~CO~3~ at peaks ≈2633 cm^-1^ and 600 cm^-1^ to 650 cm^-1^ \[[@pone.0211713.ref049]\].

[Fig 5](#pone.0211713.g005){ref-type="fig"} signify the thermal stability of raw CAC and synthesized impregnated CACs. The mass loss during the heating ramp rate was analysed as shown in [Table 6](#pone.0211713.t006){ref-type="table"}. The descending TGA thermal curve of raw and impregnated CACs indicated weight loss ([Fig 5](#pone.0211713.g005){ref-type="fig"}). Three stages of thermal decomposition behaviour were determined, despite the three derivative peak temperatures in the TGA curve. The first derivative peak temperature for ZnAc~2~--CAC was 100°C; which indicated that about 7.2% of weight loss occurred from 29°C to 100°C, as shows as in [Table 6](#pone.0211713.t006){ref-type="table"}. The weight loss was attributed to the dried-off moisture in the material. The second derivative peak temperature ranged from 100°C to 400°C, which results in the weight loss of about 12.3%, and decline slightly to the third derivatives (400°C to 600°C) at about 16.4%.

![TGA curve for different adsorbent types.](pone.0211713.g005){#pone.0211713.g005}

10.1371/journal.pone.0211713.t006

###### Adsorbent weight loss at different temperature ranges.

![](pone.0211713.t006){#pone.0211713.t006g}

  Adsorbents                            Temperature range   Weight loss, %
  ------------------------------------- ------------------- ----------------
  **Raw--CAC**                          29°C to 100°C       15.8
                                        100°C to 400°C      20.4
                                        400°C to 600°C      25.2
  **ZnAc**~**2**~**--CAC**              29°C to 100°C       7.2
                                        100°C to 400°C      12.3
                                        400°C to 600°C      16.4
  **KOH--CAC**                          29°C to 100°C       4.6
                                        100°C to 400°C      7.0
                                        400°C to 600°C      10.0
  **KI--CAC**                           29°C to 100°C       12.4
                                        100°C to 400°C      15.3
                                        400°C to 600°C      16.4
  **CuSO**~**4**~**--CAC**              29°C to 100°C       9.4
                                        100°C to 400°C      12.0
                                        400°C to 600°C      14.1
  **Na**~**2**~**SO**~**3**~**--CAC**   29°C to 100°C       12.8
                                        100°C to 400°C      16.0
                                        400°C to 600°C      18.7

In general, a small weight loss was observed at a temperature higher than 200°C. However, the decomposition and association continue. The largest weight loss of the materials occurred during carbonization; by contrast, no significant weight loss occurred during activation. All adsorbent samples had about 4% to 16% of weight loss at the earlier stage (29°C to 100°C). Other researchers also determined that raw and impregnated CACs had weight losses of about 20% and 50%, respectively, at 500°C in the elimination of the moisture by the volatile compound \[[@pone.0211713.ref050]\].

Dehydration also increased sharply with impregnation and resulted in the minor release of the volatile materials. Therefore, the increment of available impregnated components improved adsorption performance, which leads to a good porous solid.

Adsorbent performance {#sec014}
---------------------

The adsorbent performance was tested by using commercial mixed gas subjected to different operating parameters, such as flow rate, length bed used, type of gases used and the adsorbents. In order to determine the adsorption capacity, the breakthrough and saturated points indicate when the H~2~S concentrations reach 1 ppm and 1000 ppm at the outlet stream, respectively. Moreover, the data were represented as an average result from three (3) times of repetitions.

### Effect of feed flow rate with H~2~S/N~2~ gas {#sec015}

Different flow rates affected adsorbent capacity for H~2~S gas. [Fig 6](#pone.0211713.g006){ref-type="fig"} illustrates the breakthrough profile for the different feed flow rate of H~2~S/N~2~ using Raw CAC as adsorbent at L/D = 2.5, where 0.155 kg of adsorbents loaded into the adsorber column. As shown in [Fig 6](#pone.0211713.g006){ref-type="fig"}, the profile curve increased exponentially with S curve, before being nearly constant at 1.0, due to the saturated H~2~S. The profile curve was similar for all feed flow rate. Meanwhile, the adsorption capacity calculated based on Eq ([1](#pone.0211713.e001){ref-type="disp-formula"}). Overall, the performance of different feed flow rate had affected the adsorption capacity because of breakthrough time periods.

![The breakthrough curve on the effect of feed flow rate using raw CAC with H~2~S/N~2~ feed.](pone.0211713.g006){#pone.0211713.g006}

The feed flow rate at 5.5 L/min had more adsorption capacity (1.637 mg H~2~S/g) than 1.5 L/min (0.584 mg H~2~S/g), which was attributed to the longer time required for a breakthrough. As a result, a higher gas flow rate affects the mass transfer zone to achieve the exit column by blocking the active site with the H~2~S gas rapidly \[[@pone.0211713.ref051]\]. The effects of flow rate to the adsorption of H~2~S on activated carbon results were similar to the study of Natalie \[[@pone.0211713.ref052]\]. Because of the economic points of gas usage and practicality of use on an industrial scale, the highest flow rate was used for further studies. The breakthrough time and adsorption capacity decreased due to the raised feed flow rate \[[@pone.0211713.ref053]\].

### Effects of the L/D ratio with H~2~S/N~2~ {#sec016}

Three beds with different L/D ratio were used to determine the adsorption capacity effect by using raw CAC at a constant feed flow rate (5.5 L/min). The L/D ratio used were 0.5, 1.5, and 2.5 instead of 5.0, due to the longer breakthrough time even at a bigger feed flow rate which commonly uneconomical for the lab scale operation. Different L/D ratio resulted in different mass adsorbent loaded (0.052 kg, 0.103 kg and 0.155 kg) in different length bed used. Hence, the result shows as in [Fig 7](#pone.0211713.g007){ref-type="fig"} and [Table 7](#pone.0211713.t007){ref-type="table"} respectively. The breakthrough time and L/D ratio were positively correlated with amounts of adsorbents loaded into the column. Low amounts of carbon loaded indicated a low number of active sites on raw CAC surface volume which indicate low possibility in capturing H~2~S gas. The L/D = 2.5 resulted in a longer breakthrough time (109 min) than the L/D = 0.5 (8 min). Natalie \[[@pone.0211713.ref052]\] also reported the higher amounts of adsorbents loaded resulted for a longer breakthrough time which indicate the effective H~2~S removal.

![The breakthrough curve on the effect of L/D ratio for raw CAC as an adsorbent with H~2~S/N~2~ feed.](pone.0211713.g007){#pone.0211713.g007}

10.1371/journal.pone.0211713.t007

###### H~2~S adsorption performance at difference lengths of bed used.

![](pone.0211713.t007){#pone.0211713.t007g}

  L/D ratio   Breakthrough time, min   Saturation time, min   Adsorption capacity at 1 ppm, mg H~2~S/g
  ----------- ------------------------ ---------------------- ------------------------------------------
  0.5         8                        13.5                   0.128
  1.5         35                       51.5                   0.284
  2.5         109                      127.5                  0.584

### Effect of adsorbent types and gas composition {#sec017}

The H~2~S/N~2~ gas and H~2~S/N~2~/CO~2~ (mixed gas) had different adsorption capacities. The adsorption occurred as physical adsorption, which started with the bulk stream of H~2~S transferred onto the surface of the adsorbents. [Fig 8](#pone.0211713.g008){ref-type="fig"} illustrates the adsorption performance using different types of adsorbent at ambient conditions, gas composition (H~2~S/N~2~ and H~2~S/N~2~/CO~2~ gas) and feed flow rate at 5.5 L/min. The outlet H~2~S concentration increased with S curve at the breakthrough point at 0.001 and was nearly constant at 1.0 due to the saturated H~2~S for both types of gases. The breakthrough time found a significant difference for both gas compositions was due to the presence of CO~2~ gas.

![Comparison of adsorption capacity between H~2~S/N~2~ and H~2~S/N~2~/CO~2~ gas composition with their deficiency.](pone.0211713.g008){#pone.0211713.g008}

Based on [Fig 8](#pone.0211713.g008){ref-type="fig"}, the feed gas composition with H~2~S/N~2~ shows the ZnAc~2~-CAC had higher adsorption capacity compared with other adsorbents. The adsorption capacity of ZnAc~2~-CAC and raw CAC was 1.68 mg H~2~S/g and 0.582 mg H~2~S/g, respectively; which was caused by attraction surface of ZnAc~2~-CAC which provided a structural foundation for high specific capacitance \[[@pone.0211713.ref053]\]. Sitthikhankaew et al. \[[@pone.0211713.ref029]\] proved that the adsorption capacity for the impregnated CACs was higher than that of raw CAC. Besides, KOH, KI, and Na~2~CO~3~ caused the adsorption capacity increase from 1.56 mg H~2~S/gram to 1.58 mg H~2~S/gram, with breakthrough time ranging from 109 min to 151 min. KOH--CAC had longer breakthrough time than KI--CAC, and Na~2~CO~3~--CAC; similarly, the study of Cui et al. \[[@pone.0211713.ref054]\] in the synthetic natural gas produced by petroleum also result in the same pattern.

Although, the fed composition gas of H~2~S/N~2~/CO~2~ had slightly differed from H~2~S/N~2~ composition due to the presence of CO~2~. Significantly, the raw CAC prove to be the lowest capability in capturing the H~2~S and CO~2~ gas among the impregnated CACs. The increase in the H~2~S adsorption capacity of the impregnated CACs was caused by the large surface area and porosity development. The presence of CO~2~ gas in the outlet stream had decreased the H~2~S adsorption capacity due to the competition for both gases (CO~2~ and H~2~S) on the raw CAC active site surface, which led to the limitation of H~2~S adsorption through the formation of high sulfur-valent components \[[@pone.0211713.ref039]\].

The breakthrough curves were illustrating the adsorption performance as in the order: ZnAc~2~-CAC (1.293 mg H~2~S/g)\>Na~2~CO~3~-CAC (0.953 mg H~2~S/g)\>KOH--CAC (0.878 mg H~2~S/g)\>KI--CAC (0.673 mg H~2~S/g)\>CuSO~4~--CAC (0.539 mg H~2~S/g)\>raw CAC (0.528 mg H~2~S/g), which different from those of the H~2~S/N~2~ gas composition, in which the second preferable impregnated CACs was Na~2~CO~3~--CAC, instead of KOH--CAC. This phenomenon indicated that the presence of CO~2~ in the mixed gas was blocked on the CAC surface.

The different adsorbents had different characteristics, which indicated that specific adsorbed gas was suitable for certain adsorbents. Hence, the CO~2~ gas more preferable to attach on the CuSO~4~--CAC, KOH--CAC, Na~2~CO~3~--CAC, ZnAc~2~--CAC, KI--CAC, and raw CAC surfaces because of the huge difference in the adsorption capacity. The capability of adsorbents had increased the affinity of CO~2~ molecules to reside on the surface. As reported by Soraya et al. \[[@pone.0211713.ref055]\], the component Cu adsorbed more CO~2~ gas than component Zn.

[Fig 8](#pone.0211713.g008){ref-type="fig"} also exemplify the adsorption deficiency capacity of H~2~S between two different types gas compositions, based on the calculation in Eq ([2](#pone.0211713.e002){ref-type="disp-formula"}), in order: CuSO~4~--CAC (49.7%)\>KOH--CAC (46.7%)\>Na~2~CO~3~--CAC (27.5%)\>ZnAc~2~--CAC (23%)\>KI--CAC (21.4%)\>raw CAC (9.3%). Samanta et al. \[[@pone.0211713.ref056]\] concluded the enhancement of the CO~2~ adsorption capacity was caused by the reaction of CO~2~ with the supporting metals that occurred during the physical adsorption onto the micropores of carbon.

Na~2~CO~3~--CAC also reacted with the CO~2~ gas, which led to an increase in the CO~2~ adsorption capacity \[[@pone.0211713.ref057]\]. However, the Na species and their dispersion, which are directly related to the surface chemistry of the host carbon material, affected the adsorption capacity and stability. Sreńscek-Nazzal et al. \[[@pone.0211713.ref058]\] found that the impregnated CACs with KOH had maximum CO~2~ adsorption capacity, which led to higher difference than that of the H~2~S adsorption deficiency.

The breakthrough curve proved that the H~2~S gas was preferable on the ZnAc~2~--CAC surface than on other adsorbents. Therefore, the decrease in the H~2~S adsorption capacity was reflected from the CO~2~ adsorption onto the micropores.

Adsorption-desorption cycle {#sec018}
---------------------------

In this study, the adsorption-desorption cycle established ZnAc~2~-CAC as the best adsorbent in capturing the H~2~S gas for both gasses' composition (H~2~S/N~2~ and H~2~S/N~2~/CO~2~); using high concentrations (5000 ppm) of H~2~S, instead of 1000 ppm due to the economic and shorten the operating period. [Fig 9](#pone.0211713.g009){ref-type="fig"} illustrates the adsorption-desorption (regeneration) cycle profiles for ZnAc~2~-CAC.

![Adsorption-desorption cycle profile for H~2~S removal using ZnAc~2~-CAC.](pone.0211713.g009){#pone.0211713.g009}

[Fig 9](#pone.0211713.g009){ref-type="fig"} and [Table 8](#pone.0211713.t008){ref-type="table"} show that ZnAc~2~-CAC maintained the H~2~S adsorption capacity at 1.831 mg H~2~S/g for the first three cycles; then, continuously degraded on the next cycles. From the fourth cycle onwards, the capability of the adsorbents dropped, which was calculated based on Eq ([3](#pone.0211713.e003){ref-type="disp-formula"}). The degradation of the adsorbent capability was due to the presence of sulfur elements which blocked the active site on the surface of the adsorbents \[[@pone.0211713.ref059]\]; thus, limiting the number of regeneration cycles. Other studies suggested using a higher temperature, i.e., 200°C to 250°C, to overcome the degradation of adsorption capacity.

10.1371/journal.pone.0211713.t008

###### Regeneration performance ZnAc~2~-CAC.

![](pone.0211713.t008){#pone.0211713.t008g}

  Number of cycles   Breakthrough time at 1 ppm, min   Adsorption capacity, mg H~2~S/g   Degradation, %
  ------------------ --------------------------------- --------------------------------- ----------------
  1                  68                                1.831                             0
  2                  68                                1.831                             0
  3                  68                                1.831                             0
  4                  65                                1.750                             4.4
  5                  63                                1.697                             7.3

Characterization of adsorption-desorption adsorbents {#sec019}
----------------------------------------------------

[Fig 10](#pone.0211713.g010){ref-type="fig"} shows the SEM images for saturated (ZnAc~2~-CAC_A) and desorption (ZnAc~2~-CAC\_ D). The saturated sample, i.e., adsorbent with H~2~S content more than 1000 ppm, and the desorption sample, i.e., adsorbent after the desorption process, were analysed during the 5^th^ adsorption-desorption cycle. The specific elements were determined through the EDX detector as presents in [Table 9](#pone.0211713.t009){ref-type="table"}.

![SEM micrograph image of the adsorbents at 2.5 k X (10 μm) (a) ZnAc~2~--CAC_A; (b) ZnAc~2~--CAC_D.](pone.0211713.g010){#pone.0211713.g010}

10.1371/journal.pone.0211713.t009

###### Contents of elements in the regeneration of ZnAc~2~--CAC sample.

![](pone.0211713.t009){#pone.0211713.t009g}

  Elements   ZnAc~2~--CAC_A (wt.%)   ZnAc~2~--CAC_D (wt.%)
  ---------- ----------------------- -----------------------
  C          84.3                    95.4
  O          6.3                     3.9
  K          1.1                     0.2
  S          5.7                     0.1
  Zn         2.0                     0.3

From [Table 9](#pone.0211713.t009){ref-type="table"}, it is proved that the impregnated materials and gas elements were detected on the surface of CAC impregnation. Moreover, the presence of sulfur, S, elements at the EDX data confirmed that H~2~S adsorption occurred on the surface of CAC during the adsorption process. Besides, the elements S can be seen also on the surface of CAC during adsorption and desorption process, respectively. A similar finding was obtained by by Isik-Gulsac \[[@pone.0211713.ref039]\], which stated that also had the components of H~2~S had occupied on the surface of adsorbents. This condition would affect the degradation of wt.% of carbon as shown in [Table 9](#pone.0211713.t009){ref-type="table"}, due to the H~2~S gas had covered up on the CAC surface area which affected to drop the adsorbent capability. This process can be seen through the adsorption-desorption cycles started at third cycle an upwards. The good performance in H~2~S captured through ZnAc~2~-CAC shows the adsorbents contains higher S elements (5.7 wt.%) compared to desorption adsorbents (0.1 wt.%) as mentioned in [Table 9](#pone.0211713.t009){ref-type="table"} (ZnAc~2~-CAC_A and ZnAc~2~-CAC_D).

[Table 10](#pone.0211713.t010){ref-type="table"} shows the BET results of saturated adsorbents (ZnAc~2~-CAC_A) and desorption adsorbents (ZnAc~2~-CAC_D). Generally, the saturated and desorption adsorbents properties were changed in the porous textures and the correlation between nitrogen adsorption-desorption measurements and sulfur adsorption data.

10.1371/journal.pone.0211713.t010

###### Porous properties for regeneration of ZnAc~2~--CAC sample from BET analysis.

![](pone.0211713.t010){#pone.0211713.t010g}

  Adsorbent types   BET surface area, m^2^/g   Total pore volume, m^3^/g (x10^-7^)   V~micro~/V~total~ (%)   Pore size, Ǻ
  ----------------- -------------------------- ------------------------------------- ----------------------- --------------
  ZnAc~2~--CAC_A    625.43                     3.01                                  0.79                    19.26
  ZnAc~2~--CAC_D    717.41                     3.48                                  0.77                    19.41

Based on [Table 10](#pone.0211713.t010){ref-type="table"}, the S~BET~ for saturated and desorption adsorbents decreased compared to that fresh adsorbents due to the occupied of impregnated material and H~2~S gases on the CAC surface. However, the low value of S~BET~ resulted in the higher adsorption capacity. Meanwhile, the ZnAc~2~-CAC_D showed a higher value of S~BET~ compared to fresh and saturated (ZnAc~2~-CAC_A) adsorbent which end up affected towards adsorption capability at third cycle and upwards. This phenomenon related to the distribution of H~2~S gas components on the surface of CAC during the cycle process. Moreover, the reduction of total pore volume strongly support the H~2~S gas components attached on the CAC surface. These tendencies were similar to Sitthikhankaew et al. \[[@pone.0211713.ref028], [@pone.0211713.ref029]\] which obtained a similar finding on the decrease in S~BET~ for impregnated CACs compared to the Raw CAC.

In the case of the thermal analysis, [Fig 11](#pone.0211713.g011){ref-type="fig"} shows the thermal stabilization curve of the adsorbent for saturated (ZnAc~2~-CAC_A) and desorption (ZnAc~2~-CAC_D) adsorbents. Similar to previous analysis for fresh adsorbents, the analysis based on three thermal derivatives by observing the weight lost from 32°C to 600°C. It was easily understood that, the first temperature derivative 32°C---100°C is known for moisture loss that naturally contains in the adsorbents.

![Thermal profile for regeneration of ZnAc~2~--CAC sample.](pone.0211713.g011){#pone.0211713.g011}

As mentioned previously, the fresh ZnAc~2~-CAC cannot withstand with high temperature during the adsorption process. However, in the desorption process for the regeneration study, the performance of the adsorbent at first and second derivative remained similar with fresh adsorbents even after adsorption and desorption process. Anyhow, the present of adsorbate on adsorbents surface during the adsorption-desorption process may influence on adsorption capability for next cycle of regeneration \[[@pone.0211713.ref060]\].

Although in the adsorption process by fresh adsorbents requires a low temperature, however, it would be different for the regeneration process, which needs probably high temperature in order to eliminate the adsorbates on the surface CAC. These statements agreed with Feng et al. \[[@pone.0211713.ref061]\], where high temperature for elimination and broken down the strong S-bond on the surface adsorbents are needed. Hence, the ZnAc~2~-CAC had own specific optimum temperature to use in adsorption (32°C to 400°C) while, desorption needs high temperature up to 600°C.

Conclusion {#sec020}
==========

The impregnated CACs resulted in good capability in capturing H~2~S gas through several operating parameters such as flow rate, adsorbents type, L/D adsorber ratio and different gas composition compared to raw CAC. The impregnated CACs found 58--64% (ZnAc~2~-CAC) much better to adsorp H~2~S gas compared to raw CAC. Besides, characterizations of the fresh adsorbents were gathered as evidence to support the chemical and physical characteristic of the adsorbent and a guidance in preparing the adsorption-desorption operational. It showed that the ZnAc~2~-CAC has capable to use as H~2~S adsorbent for the adsorption-desorption process in several cycles. Besides, the characterizations for post-adsorption-desorption adsorbents had been done to support the behaviour of adsorbents capability degradation in the continuous system. Thus, it is suggested to improve the desorption technique to prevent further degradation on the H~2~S adsorbent. Hence, it will maintain the capability of H~2~S adsorption throughout several cycles of the adsorption-desorption process for biogas purification.
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